In eukaryotes, diploid cells give rise to haploid cells via meiosis, a program of two cell divisions preceded by one round of DNA replication. Although key molecular components of the meiotic apparatus are highly conserved among eukaryotes, the mechanisms responsible for initiating the meiotic program have diverged substantially among eukaryotes. This raises a related question in animals with two distinct sexes: Within a given species, are similar or different mechanisms of meiotic initiation used in the male and female germ lines? In mammals, this question is underscored by dramatic differences in the timing of meiotic initiation in males and females. Stra8 is a vertebrate-specific, cytoplasmic factor expressed by germ cells in response to retinoic acid. We previously demonstrated that Stra8 gene function is required for meiotic initiation in mouse embryonic ovaries. Here we report that, on an inbred C57BL/6 genetic background, the same factor is also required for meiotic initiation in germ cells of juvenile mouse testes. In juvenile C57BL/6 males lacking Stra8 gene function, the early mitotic development of germ cells appears to be undisturbed. However, these cells then fail to undergo the morphological changes that define meiotic prophase, and they do not display the molecular hallmarks of meiotic chromosome cohesion, synapsis and recombination. We conclude that, in mice, Stra8 regulates meiotic initiation in both spermatogenesis and oogenesis. Taken together with previous observations, our present findings indicate that, in both the male and female germ lines, meiosis is initiated through retinoic acid induction of Stra8. meiosis ͉ spermatocyte
meiosis ͉ spermatocyte I n mammals and other animals, both male and female germ cells undergo meiosis, a program of two cell divisions preceded by one round of DNA replication, resulting in halving of the chromosome number. Many structural and enzymatic components of the mammalian meiotic apparatus are shared between males and females, and several of these components are conserved across the breadth of the eukaryotic world (1, 2) . The mechanical elements of meiosis are remarkably conserved between the sexes and among species.
The same cannot be said for the regulatory pathways that govern the transition of cells from mitosis to meiosis. These pathways have been studied intensively in the budding yeast Saccharomyces cerevisiae and in the fission yeast Schizosaccharomyces pombe (3) . In these two species, the molecular mechanisms regulating meiotic initiation appear to share no components, and these initiation pathways do not appear to be conserved in multicellular organisms.
In mammals, moreover, the timing and regulation of meiosis differ dramatically between the sexes (4, 5) . For example, all meioses in mammalian females initiate during a brief window in embryonic development, whereas meiotic initiation in males is first observed at puberty and then recurs repeatedly and continuously throughout adulthood. Do these sexual differences in timing reflect distinct mechanisms of meiotic initiation in females and males?
An opportunity to explore this question experimentally arises from recent studies of Stra8 (Stimulated by retinoic acid gene 8), a vertebrate-specific gene that encodes a cytoplasmic protein and whose expression is induced by retinoic acid (6) (7) (8) (9) (10) (11) . Our laboratory previously reported that, in female mice, Stra8 is expressed in embryonic ovarian germ cells shortly before they enter meiotic prophase (12) . We further demonstrated that, in female embryonic germ cells, initiation of the meiotic program depends on Stra8 function. Stra8 plays no role in the mitotic phases of embryonic germ-cell development, but in females it is required for premeiotic DNA replication and the subsequent events of meiotic prophase, including chromosome condensation, cohesion, synapsis, and recombination (13) . These findings established that Stra8 is a regulator of meiotic initiation in females.
In the present study, we address whether Stra8 serves an analogous function in males. In male mice, Stra8 is expressed postnatally, in the mitotically active cells of the spermatogenic lineage (spermatogonia) and their immediate descendants (preleptotene spermatocytes), the most advanced cell type before meiotic prophase (6, 10, 14) . We previously reported that male mice lacking Stra8 function produced no sperm; most spermatogenic cells underwent apoptosis at a developmental stage when they normally would have progressed through meiotic prophase (13) . While attempting to refine these preliminary observations, we detected variability in the spermatogenic phenotypes of Stra8-deficient males. Suspecting that this confounding phenotypic variability might derive from genetic (strain background) variation unlinked to the Stra8 locus, we extensively backcrossed the Stra8 mutation onto an inbred strain. Having neutralized unlinked genetic modifiers, we then proceeded to explore experimentally whether Stra8 is required for meiotic initiation in male mice.
Results

Backcrossing to C57BL/6 in Response to Inconsistent Spermatogenic
Defects in Stra8-Deficient Males of Mixed Genetic Background. Our laboratory previously generated the Stra8 mutant allele (13) by homologous recombination in v6.5 embryonic stem (ES) cells, which had been derived from an F1 hybrid (C57BL/6 ϫ 129) embryo (15) . Thus, our earlier studies of Stra8 function were conducted on animals of mixed rather than inbred genetic backgrounds (13) . All mutant animals were infertile, with no evidence of mature sperm. Nonetheless, as we continued to characterize Stra8-deficient testes by using histological and immunocytochemical methods, we observed that meiotic progression and spermatocyte survival varied considerably between and within animals of the same Stra8 genotype. Although these phenotypes are potentially of interest, the mixed genetic backgrounds on which they had been observed would be difficult to reproduce. Accordingly, we decided to forego further characterization of the Stra8-deficient testicular phenotype until we had backcrossed the mutant allele onto an inbred strain background, in this case C57BL/6.
All experiments reported here were conducted on mice backcrossed for at least 15 generations, when Ͼ99.9% of the genome is expected to be of C57BL/6 origin. As previously reported for Stra8-deficient mice on a mixed genetic background (13), Stra8-deficient C57BL/6 males and females were infertile, and we detected no phenotypic abnormalities apart from the gonads in either sex. We observed no gonadal or extragonadal abnormalities in Stra8-heterozygous C57BL/6 animals of either sex, again consistent with our observations on a mixed genetic background (13) .
Absence of Leptotene, Zygotene, or Pachytene Cells in Testes of
Stra8-Deficient C57BL/6 Males. Spermatogenesis in mice is a lengthy (Ͼ35 days), multifaceted process by which diploid spermatogonial stem cells give rise to haploid spermatozoa. Spermatogenesis involves two meiotic divisions, which modify the nucleus and its chromosomes, and also an elaborate program of cellular differentiation. This differentiation program includes dramatic changes in cellular morphology and function, including postmeiotic acquisition of the ability to swim. Many distinct steps in cellular differentiation, and in meiotic progression, have been defined through microscopic studies of spermatogenesis in mice (14) . In the testis of an adult mouse, one finds spermatogenic cells at all stages of differentiation and meiotic progression. To study meiotic initiation in a simpler and more nearly synchronous setting, we focused instead on the testes of juvenile males at 10-21 days after birth, when the first and second cohorts of spermatogenic cells normally enter prophase of the first meiotic division. This allowed us to assay male meiotic initiation in the absence of later meiotic and postmeiotic cells.
We began by comparing the histologies of wild-type and Stra8-deficient testes at 10 and 15 days after birth. We paid particular attention to the spermatogenic cells' chromatin, whose changing microscopic appearance serves to define the stages of meiotic prophase. As expected, by p10 (10 days of age) in wild-type C57BL/6 males, pioneer cohorts of spermatogenic cells have initiated meiosis and progressed to leptotene, the first stage of meiotic prophase (see red arrows in Fig. 1 ). By p15 in wild-type C57BL/6 males, the most advanced cohorts have transited zygotene and progressed to pachytene of meiotic prophase (see green arrows in Fig. 1 ). By contrast, in Stra8-deficient C57BL/6 testes, we found no leptotene, zygotene, or pachytene spermatocytes at either p10 or p15 despite extensive searching. Instead, the most advanced spermatogenic cells that we observed in Stra8-deficient animals were at the preleptotene stage-the last microscopically defined stage before meiotic prophase (see black arrows in Fig. 1 ). As expected, preleptotene cells are also present in wild-type testes (Fig. 1 ). These findings suggested that, in C57BL/6 males, Stra8 function is required for spermatogenic cells to transition from preleptotene to leptotene, and thus to enter meiotic prophase. We also note that apoptotic cells were observed in some Stra8-deficient testicular tubules but were rarely seen in wild-type testes (Fig. 1 ). In summary, histological examination suggested that germ-cell development in juvenile Stra8-deficient C57BL/6 males proceeded normally to the preleptotene stage, but stalled there without progressing into meiotic prophase.
To examine this working hypothesis, we then tested juvenile Stra8-deficient testes for key molecular hallmarks of meiotic prophase.
Absence of Meiotic Recombination in Testes of Stra8-Deficient
C57BL/6 Males. Recombination between homologous chromosomes occurs during prophase of the first meiotic division. If Stra8 is required for preleptotene cells to progress into meiotic prophase, as indicated by our histological studies (Fig. 1) , then spermatogenic cells in Stra8-deficient testes should not engage in meiotic recombination. We first tested this prediction by assaying whether Stra8-deficient testicular germ cells form DNA double-strand breaks (DSBs), which initiate meiotic recombination. When DNA DSBs are formed, cells respond by phosphorylating H2AX, an isoform of histone H2A, to generate ␥-H2AX (16). We tested for ␥-H2AX by immunostaining sections from p10 wild-type and Stra8-deficient testes. As expected, ␥-H2AX staining demonstrated the presence of DNA DSBs in many cells of wild-type testes (Fig. 2) . By contrast, ␥-H2AX staining is absent in Stra8-deficient testes, indicating that DNA DSBs have not formed (Fig. 2) .
To further examine their capacity for meiotic recombination, we assayed whether spermatogenic cells in Stra8-deficient testes express Spo11, encoding a topoisomerase required to form meiotic DSBs (17, 18) , and Dmc1, which encodes a recombinase functioning in meiotic DSB repair (19, 20) . We measured mRNA expression of Spo11 and Dmc1 in control and Stra8-deficient testes at p10 and p15 by using quantitative RT-PCR (Fig. 3) . We found that mRNA expression of both genes was dramatically reduced in Stra8-deficient testes at both time points. Taken together, our ␥-H2AX, Spo11, and Dmc1 findings provide strong evidence that spermatogenic cells in Stra8-deficient testes do not form or repair meiotic DSBs, and thus do not undertake meiotic recombination.
Absence of Meiotic Cohesion and Synapsis in Testes of Stra8-Deficient
C57BL/6 Males. Like meiotic recombination, meiotic chromosome cohesion and synapsis are molecularly defined processes that underpin proper chromosome segregation, and both are hallmark features of meiotic prophase. If Stra8 is required for preleptotene cells to enter meiotic prophase, then chromosomal cohesion and synapsis should not occur in spermatogenic cells of Stra8-deficient testes. To test this prediction, we immunostained cell spreads from wild-type and Stra8-deficient testes at p15 by using antibodies against either REC8, a meiosis-specific cohesin (21-27), or SYCP3, a synaptonemal complex protein (28) . We simultaneously immunostained for GCNA, a germ-cell specific marker (29) , to distinguish between spermatogenic and somatic cells in these populations of dispersed cells. As expected, SYCP3 and REC8 decorated the lengths of the chromosomes in most wild-type spermatogenic cells at p15, demonstrating the presence, respectively, of synaptonemal and meiotic cohesin complexes (Fig. 4) . By contrast, in Stra8-deficient spermatogenic cells, the SYCP3 and REC8 proteins, although present, did not appear to be loaded onto chromosomes (Fig. 4) , but instead were localized in patterns reminiscent of those previously reported in premeiotic germ cells, including germ cells of Stra8-deficient embryonic ovaries (13, 30) . We concluded that, in spermatogenic cells of juvenile C57BL/6 males, Stra8 function is required for meiotic cohesion and synapsis to occur.
Abundant DNA Replication in Preleptotene Cells of Stra8-Deficient
C57BL/6 Males. Taken together, our results lead us to conclude that in germ cells of juvenile C57BL/6 males, Stra8 is required for both the histological and molecular manifestations of meiotic prophase, including chromosomal cohesion, synaptonemal complex formation, and recombination. Thus, in the absence of Stra8 function, spermatogenic cells in juvenile C57BL/6 males progress to the preleptotene stage but do not enter meiotic prophase. In wild-type testes, it is thought that preleptotene cells replicate their DNA immediately before they advance into meiotic prophase (14) . The question then arises whether Stra8-deficient preleptotene cells also replicate their DNA.
We explored this question at p21, when, in wild-type testes, a second round of preleptotene cells form and replicate their DNA. At that time, the neighboring somatic (Sertoli) cells have stopped dividing, effectively eliminating the noise that these somatic cells might otherwise contribute to an analysis of germ-cell replication (31) . We injected bromodeoxyuridine (BrdU) into wild-type and Stra8-deficient male mice and two hours later harvested the testes. We immunostained testicular sections to detect incorporation of BrdU into newly replicated DNA in preleptotene and other spermatogenic cell types. Within these sections, we identified preleptotene and other spermatogenic cells by their location, nuclear size, and chromatin pattern (14) . In both wild-type and Stra8-deficient testes, we found many BrdU-positive preleptotene cells, indicating that DNA replication had occurred (Fig. 5 ). These results demonstrate that Stra8 is not required for preleptotene cells to replicate their DNA. 
Fig. 3. Quantitative RT-PCR analysis of Spo11 and Dmc1 mRNA levels in
Stra8-heterozygous and Stra8-deficient testes, 10 or 15 days after birth. Plotted here are average fold changes, normalized to Hprt, in independent biological replicates (two replicates at p10, and four at p15). Error bars represent standard deviations among biological replicates; P values are from the Smith-Satterthwaite test, one-tailed. 
Discussion
Here we have demonstrated that, on a highly inbred C57BL/6 genetic background, Stra8 is required for male meiotic initiation-for preleptotene cells in juvenile mouse testes to transition into meiotic prophase. Specifically, we have found that Stra8 is required for spermatogenic cells to undergo the morphological changes that define meiotic prophase, and for these cells to exhibit the molecular hallmarks of meiotic chromosome cohesion, synapsis, and recombination. However, Stra8 is not required for preleptotene cells of juvenile testes to undergo DNA replication. We will now discuss the implications of these findings for our understanding of meiotic initiation in mice and other multicellular organisms.
Although many genes in addition to Stra8 have been shown to be required for meiosis in male mice, these genes function during or after meiotic prophase and are not needed for preleptotene cells to transition into meiotic prophase. For example, spermatogenic cells deficient in either Rec8, Smc1b, Sycp3, Spo11, or Dmc1 readily progress into meiotic prophase (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) 32) . To our knowledge, Stra8 displays the earliest meiotic phenotype among characterized mutants affecting the male mouse germ line. Remarkably, all of these statements also hold true for Stra8's function in the female germ line (13) . Thus, Stra8 appears to function upstream of all other known meiotic mutants in both spermatogenesis and oogenesis, yet it is not required in embryos of either sex, or in juvenile males, for the early mitotic development of the germ line.
Our present findings, together with previous work from our and other laboratories, lead us to hypothesize a common molecular pathway for meiotic initiation in the mammalian male and female germ lines in vivo. Specifically, we postulate that, in both sexes, retinoic acid (RA) produced in somatic cells acts directly on germ cells to induce expression of Stra8, which in turn is required for initiation of the meiotic program. There is now much data in vivo and in vitro, in one or both sexes, to support this model. First, the model rests on the evidence, presented here and in our previous study (13) , that Stra8 function is required, in vivo, for meiotic initiation in the male and female germ lines. Second, there is a wealth of evidence that in vivo expression of Stra8 is germ-line-specific in both sexes, and that Stra8 expression in germ cells of embryonic ovaries and juvenile and adult testes is induced by, and requires, RA signaling (6-8, 10-12 ).
Finally, in vitro studies of isolated spermatogenic cells suggest that RA acts directly on germ cells to induce Stra8 expression (9) . Combined with previous reports, our present findings suggest that the meiotic initiation pathway in which Stra8 and its inducer, RA, figure so prominently is shared between the male and female germ lines in vivo. This male-female commonality in the regulation of meiotic initiation provides a counterpoint to profound sexual dimorphisms in regulatory checkpoints during meiotic prophase (4, 5) .
This model and our findings also raise fundamental questions for future study. First, it remains to be determined whether mammalian regulators of meiotic initiation, aside from Stra8 and RA, are sex-specific or are shared between the sexes. Second, apart from mammals, it will be of great interest to learn whether spermatogenesis and oogenesis within a given species employ common regulators of meiotic initiation. This is the case in the nematode Caenorhabditis elegans, where gld-1 and gld-2 appear to play similar roles in regulating meiotic initiation in spermatogenesis and oogenesis (33, 34) . Finally, it is intriguing that Stra8-deficient preleptotene cells replicate their DNA but fail to enter meiotic prophase. One possible explanation is that these cells, despite having taken on the morphological appearance of preleptotene spermatocytes, retain the proliferative character of spermatogonia. This would account for the apparent failure of REC8 loading in spermatogenic cells of Stra8-deficient testes (Fig. 4) , as this loading is a hallmark of premeiotic but not mitotic DNA replication (23) . By this model, Stra8 regulates meiotic initiation upstream of premeiotic DNA replication in both sexes (13) . This model also aligns with evidence from C. elegans, where failure to initiate meiosis may result in continued mitotic proliferation of germ cells (33, 34) . Experiments to explore these questions can now be envisioned.
Materials and Methods
Mice. Stra8 heterozygous mice (13) were crossed to C57BL/6NtacfBR mice (Taconic Farms). All experiments were carried out on mice backcrossed to C57BL/6NtacfBR between 15 and 17 generations, when Ͼ99.9% of the genome is expected to be of C57BL/6NtacfBR origin; all Y chromosomes and mitochondria are of C57BL/6NtacfBR origin. Stra8-deficient males were generated by mating heterozygotes. Stra8 genotypes were assayed by PCR as described (13) . All experiments involving mice were approved by the Committee on Animal Care at the Massachusetts Institute of Technology.
Histology. Testes were fixed overnight in Bouin's solution, embedded in paraffin, sectioned, and stained with hematoxylin.
␥-H2AX Immunohistochemistry. Testes were fixed overnight in Bouin's solution, embedded in paraffin and sectioned. Slides were dewaxed, rehydrated, and microwaved in 10 mM sodium citrate buffer, pH 6.0, for 10 min. Slides were then treated with 2% donkey serum for 30 min and washed with PBS. Slides were then incubated for 60 min in a 1:100 dilution of rabbit polyclonal anti-␥-H2AX (Upstate Biotech). Slides were washed with PBS and incubated for 60 min at room temperature with donkey anti-rabbit secondary antibody, conjugated with Texas Red (Jackson ImmunoResearch Laboratories), at 1:200 dilution.
Quantitative RT-PCR. Testes were stripped of the tunica albuginea, placed in TRIzol (Invitrogen), and stored at Ϫ20°C. Total RNAs were prepared according to the manufacturer's protocol. Total RNAs were then DNase-treated by using DNA Free Turbo (Ambion). One microgram of total RNA was reverse transcribed by using a RETROscript kit (Ambion). Quantitative PCR was performed by using SYBR Green Core PCR Reagents (Applied Biosystems) on an ABI9700 Fast Real-time PCR machine (Applied Biosystems). Results were analyzed by using the delta-delta Ct method with use of Hprt (hypoxanthine-guanine phosphoribosyltransferase) as a normalization control.
RT-PCR primer sequences were as follows: Spo11: 5Ј CGTGGCCTCTAGTTCTGAGGT 3Ј and 5Ј GCTCGATCTGTTGTCTAT-TGTGA 3Ј Dmc1: 5Ј CCCTCTGTGTGACAGCTCAAC 3Ј and 5Ј GGTCAGCAATGTC-CCGAAG 3Ј Hprt: 5Ј TCAGTCAACGGGGGACATAAA 3Ј and 5Ј GGGGCTGTACTGCTTA-ACCAG 3Ј SYCP3 and REC8 Immunocytochemistry. Testes were dissected from p15 male mice. To obtain single cells, tubules were teased apart with forceps, minced, and pipetted repeatedly in PBS. Cells were pelletted and resuspended once in PBS and twice in hypotonic solution (0.5% sodium chloride in H2O). Cell suspensions were then placed on poly-L-lysine-coated slides and kept in a humid chamber at room temperature (22°C) for 60 min. The slides were then fixed in 2% paraformaldehyde and 0.03% SDS for 15 min at 4°C, washed three times in 0.4% Photoflo (Kodak) for 1 min and air dried. These slides were stored at Ϫ80°C before use.
Before fluorescence immunostaining, slides were brought to room temperature, washed twice in PBS, and treated with blocking buffer (10% donkey serum, 10% goat serum, 0.05% Triton X-100 in PBS). Slides were then incubated with anti-GCNA IgM (courtesy of G. Enders, University of Kansas, Kansas City, KS; undiluted supernatant) and a 1:1000 dilution of rabbit anti-SCP3 IgG or anti-REC8 IgG (courtesy of C. Heyting, Agricultural University, Wageningen, The Netherlands) overnight at 4°C. Slides were then washed with PBS and incubated for 60 min at room temperature with donkey anti-rabbit secondary antibody, conjugated with either Texas Red or fluorescein isothiocyanate (Jackson ImmunoResearch Laboratories), at 1:200 dilution.
5-Bromo-2-deoxyuridine (BrdU) Incorporation. Twenty-one-day-old male mice were injected i.p. with 10 l/g body weight of 20 g/liter BrdU in PBS. The mice were euthanized 2 h later. Testes were fixed overnight in Bouin's solution, embedded in paraffin, and sectioned. Slides were dewaxed, rehydrated, and pretreated with 1% periodic acid at 60°C for 30 min. Slides were then incubated in 5% BSA, followed by a 30-min incubation with mouse anti-BrdU sera (BD Bioscience) at a dilution of 1:80. Slides were then washed with PBS and incubated with anti-mouse secondary antibody conjugated with horseradish peroxidase (ImmunoVision Technologies). Peroxidase activity was visualized by using 3,3-diaminobenzidine-tetrahydrochloride (Sigma) as substrate. Sections were counterstained with hematoxylin.
